An improved Quantum Molecular Dynamics model is proposed. By using this model, the properties of ground state of nuclei from 6 Li to 208 Pb can be de- 
Heavy ion fusion reactions at energies below and near the Coulomb barrier have received considerable attention. The dynamical mechanism of fusion reactions such as the dynamical process of target and projectile deformation before contact and the neck formation and development after contact are of special interest. The Quantum Molecular Dynamics model (QMD) is a microscopic dynamical model and can successfully provide quite a lot of dynamic information about reaction mechanism (for example see [1] [2] [3] ). However, it is still of difficulties to apply QMD to low energy reactions. The main difficulty for this case is that one has to deal with a problem of time evolution of nuclear many body systems which are of Fermionic nature. On quantum mechanical level, the wave function must be antisymmetrized because of the Fermionic nature of the nuclear constituents, such as did in Antisymmetrized Molecular Dynamics(AMD) [4] and Fermionic Moleculare Dynamics (FMD) [5] . AMD and FMD has made a great achievement on describing the nuclear reaction and structure for light nuclei. Nevertheless, for AMD and FMD one has to deal with N! components to the wave function even for a single slater determinant. Therefore the time evolution by numerically propagating the nuclear wave function would be computationally very demanding and the CPU time necessary to work out calculations for systems with total mass larger than 200 is very large for practical studies [6] . So one is forced to make a compromise between approximating the many body physics and producing a simulation which can execute fast enough to do practical studies. In QMD model, each nucleon is represented by a coherent state of the form φ i and the total N-body wave function is assumed to be the direct product of coherent states, Φ = Πφ i . So QMD calculation is much easer and faster to be carried out. Of cause, it is clear that QMD model does not use a slater determinant and thus antisymmetrization is neglected, although the two-body collisions with Pauli blocking have some effects to maintain a part of Fermionic feature of systems. In fact, two-body collisions are very rare in ground states or in fusion reactions. To compensate this shortcoming, the two-body Pauli potential is introduced by several authors [7] [8] [9] [10] to mimic the Pauli principle. Although the Pauli potential can improve the ground states to a certain extent, it is not effective enough to avoid from evolving the initial phase space distribution obtained from sampling the nuclear ground state density to a classical Boltzmann one after a long time [6] .
In addition, the width of Gaussian wave packet in QMD model is taken to be a constant but we find the values adopted are quite different for different calculations. For example,in [3] the Gaussian wave packet width was taken as L = 4.33f m 2 for reaction Ca+Ca and L = 8.66f m 2 for Au+Au. And in ref. [11] , the authors took two different values of the width of Gaussian wave packet for multifragmentation and fusion reaction. Therefore it seems to us that it is worthwhile to make further study on the influence of the width of Gaussian wave packet in QMD model calculation.
Aiming at studying the dynamical process of fusion reaction at the energy near barrier one needs quite stable target and projectile nuclei which can bound nucleons for long enough time without spurious particle emission since fusion reaction processes usually last long time.
It seems to be difficult for the normal QMD model and an improved QMD model is required for this purpose.
Based on above discussions we develop an improved QMD model in this work. With this model, not only the bulk properties of the ground state of nuclei including density and momentum distribution, binding energy, mean square radius etc. but also their time evolution can be described correctly. And simultaneously we apply it to describing fusion reactions at the energy near barrier and a good agreement with experiment results is achieved.
The structure of the article is as follows: In the section 2, we introduce our improved QMD model. Then we make application of this model to describing the nuclear ground states and the fusion reaction process. The results are presented in section 3. Finally a short summary and conclusion is given in section 4.
THE IMPROVED QMD MODEL
In this section we introduce the improved QMD model in more details. First, a brief introduction to QMD model is presented. Then, the main improvements are introduced and their effects are analyzed. Finally, the preparation procedure of initial nuclei is given.
The Brief Introduction
In QMD, each nucleon is represented by a coherent state of a Gaussian wave packet,
Where, r i , p i , are the centers of i-th wave packet in the coordinate and momentum space, respectively. σ r represents the spatial spread of the wave packet. The total N-body wave function is assumed to be the direct product of these coherent states. Through Wigner transformation of the wave function, the N-body phase space distribution function is given by:
The density and momentum distribution of a system respectively reads as:
where the sum runs over all particles in the system, and ρ i (r) and g i (p) are the density and momentum distribution of nucleon i:
where σ r and σ p are the widths of wave packets in coordinate and momentum space, respectively and they satisfy the minimum uncertainty relation:
In QMD, the nucleons in a system move under the selfconsistently generated mean-field, and the time evolution of r i , p i is governed by Hamiltonian equation of motion:
The Hamiltonian H consists of the kinetic energy and effective interaction potential energy,
The effective interaction potential energy includes the nuclear local interaction potential energy and Coulomb interaction potential energy,
And
V loc is the potential energy density and can be derived directly from a zero-range Skyrme interaction [7, 12] .
By using
the nuclear local interaction potential energy can be written as:
Because of the Gaussian form of density distributions in Eq. (5) 
which is a N 2 operation. Since the second term in Eq. (16) has the same functional form as the surface energy term in Eq. (15), we combine them into one term and call it the surface energy term with parameter g 0 = g 1 + g 2 . The Coulomb potential energy is obtained from:
The parameters in this work are listed in Table. 1. 
The Effect of Surface Energy Term and Phase Space Constraint
It is obvious that the surface effects are important for a finite system. Let us first study the effects of the term U surf ace = g 0 2 (∇ρ) 2 d 3 r. In Fig.1 , we show a schematic figure of the effect of the surface energy term. As mentioned in the introduction, the initial density distribution of a system will evolve to a classical one according to classical equations of motion after long enough time. Suppose we have a Gaussian form of density distribution as shown in Fig.1(a) . With this density distribution, the surface energy term U surf ace is obtained by definition, and its shape is shown in Fig.1(b) . From the figure we can see that the particles in the central region will experience a repulsion and are forced to move toward outside. Consequently, the density at central region is suppressed and avoids going up unreasonable high. While the particles at surface feel an attraction and move toward inside so that the density distribution at the surface will not extend too far. Fig.1(c) shows the influence of the surface energy term on the density distribution of the system. The solid curve and dashed curve are the density distribution calculated with and without the surface term taken into account, respectively. It is clear that the density distribution calculated with the surface term is more reasonable than that without the surface term. As is well known, the Guassian wave packet itself has a long tail which makes the surface of the system more disperse. Therefore, in QMD model it is more important to introduce the surface energy term. Here we pay great attention to the surface energy term, and make further study about the effect of the surface term for realistic cases. In Fig.2 and Fig.3 we show the time evolution of the density distribution of 90 Zr calculated without and with surface term taken into account. The initial density distribution is obtained by relativistic mean field theory (RMF) calculation [13] . When the surface term is not included, as Even at t = 800f m/c, the central density still remains the same value of ρ = 0.165f m −3 .
From the comparison of these two figures, one can clearly see that the surface term is effective to maintain a reasonable density distribution for a ground state of nucleus during time evolution. Similarly, the momentum distribution will evolve to a classical distribution from initial momentum distribution after long time. To avoid it, a phase space density constraint was introduced by Papa et. al. in ref. [6] . Because Fermionic nature requires one-body phase space density of a systemf i ≤ 1, in this work we perform many body elastic scattering to reduce the phase space occupation if the phase space occupationf i is greater than 1, as did in ref. [6] . At the same time the Pauli blocking probability is checked like the usual treatment in two-body collision process. This kind of constraint affects the low momentum part of the momentum distribution strongly and can effectively avoid the number of particles with low momentum becoming too large. Fig.4 shows the comparison of the time evolution of the average momentum distributions calculated without taking constraint (dashed curves) and with taking constraint (solid curves) for 200 208 Pb nuclei. Here the momentum distribution means the distribution of the centroid momentums of wave packets of nucleons in a system.
From the figure one can see that at the initial time, the momentum distribution (dash dotted curves) is reasonable. With time evolution, the difference in the momentum distributions for two cases becomes obvious. When the phase space density constraint is not taken into account, the number of particles with low momentum increases greatly and the momentum distribution deviates from the initial one clearly, as shown in dashed curves. This problem is usually ignored in the QMD calculation when it is applied to medium or high energy reactions. However for describing ground state or fusion reactions near barrier, this problem should be considered seriously. From solid curves one can find the behavior of time evolution of momentum distribution,especially the low momentum part is improved a lot after taking the phase space density constraint into account. However we notice that the high momentum part of the distribution is still too disperse comparing with the initial one. This means that phase space constraint is still not enough to control the momentum distribution as good as request. But even so we find that it improves the fusion reaction near barrier a lot. It may be because the high momentum part is not so important for this case. The investigating on further improvement of the behavior of the time evolution of momentum distribution is in progress. 
The Width of Wave Packet
In QMD, the width of wave packet can be regarded as a quantity having relations with the interaction range of a particle. Its influence disappears for infinite nuclear matter whereas for finite systems it may play a un-negligible role [3] . In the normal QMD model, the width of wave packet is taken as a constant. For example, in ref. [14] , the width of wave packet is taken as σ r = 1.04f m for Ca+Ca, and σ r = 1.47f m (i.e. L = 8.66f m 2 in notation of [14] )
for Au+Au. Here let us study the influence of the width of wave packet on the stability of a nuclear system. As an example, for the ground state of 208 Pb, if we choose σ r = 1.04f m, there are about 30 spurious particles emitted until 800fm/c while if σ r = 1.44f m, there are no particles emitted until 800fm/c generally and simultaneously both the density and momentum distribution are reasonable. In heavy ion reactions, if spurious emission becomes serious, the result will be affected obviously. Therefore in the study of reaction of Au+Au in ref. [14] , a larger width of wave packet was taken, i.e. σ r = 1.47f m, and we find it is reasonable and necessary. In fusion reaction at energy near barrier, the reaction process lasts a long time, therefore in QMD calculations, to make nuclei stable enough is vital to the result for fusion reactions. On the other hand, for Ca or lighter nuclei, if a large width of wave packet is adopted, the fluctuation of mean square root of radius of the system becomes too large during time evolution, which is obviously not suitable. Therefore for Ca+Ca system, for example in ref. [14] a small wave packet width such as σ r = 1.04f m was adopted. In addition, we also find that it is very important to take a reasonable value of wave packet width in order to describe the Coulomb barrier correctly. We will show it in section 3. Based on above discussion we propose a system size dependent wave packet width. In our present work, we take the dependence of the wave packet width on system size as:
where N A is the number of nucleons binding in a system A which can be a individual nucleus, or clusters or a compound nucleus produced in heavy ion reactions according to the specific problem studied. After introducing the system size dependent wave packet width, our model is expected be able to well describe the bulk properties of nuclei in a wide mass region from 6 Li to 208 Pb as well as the behavior of fusion process.
Preparation of Initial Nuclei
As is well known, the initial condition is very important in QMD calculations. In the present work, the preparation of initial nuclei is as follow:
Firstly, the neutron and proton density distributions of nuclei are obtained by means of RMF calculations. Then the position of each nucleon in nuclei is sampled according to the density distribution obtained.
Secondly, based on the density distribution obtained above, the Fermi momentum P F is calculated by the local density approximation. Considering the momentum of each nucleon being also represented by a wave packet with a width of σ p which satisfies the minimum uncertainty relation σ r σ p =h 2 , the Fermi momentum P ′ F adopted in the sampling of the momentums of nucleons should be smaller than P F . Here we take the difference ∆P F = P F − P ′ F to be about the width of half height of Guassian wave packet in momentum space (see expression(6)). For some light nuclei (mass is less than 16) we make a slight adjustment of the difference ∆P F which is less than tenth of ∆P F . Thus we can prepare the initial nuclei from 6 Li to 208 Pb of which the binding energies and mean square radius are in good agreement with experimental data.
It is important to have stable initial nuclei with no spurious particle emission. To check the stability of the pre-prepared initial nuclei, we let the pre-prepared nuclear systems evolve for at least 600fm/c, then the ground state properties including mean square radius, binding energy, density distribution, momentum distribution, phase space distribution, etc. are checked elaborately. Only those pre-prepared nuclei for which the bulk properties are good enough, the behavior of the time evolution of all these properties maintain stable and there is no spurious particle emission are selected as 'good initial nuclei' and are stored for usage in simulating reactions.
RESULTS

Properties of Ground State
In roots of radii, the behavior of the time evolution of those quantities are also very concerned.
In Fig.5 we show the time evolution of the binding energies and mean square roots of radii of 16 O, 40 Ca, 90 Zr and 208 Pb. One can see that for these nuclei the binding energy and mean square roots of radii can maintain stable for at least 600fm/c. One can also find that the larger the size of nucleus is, the smaller the fluctuation of binding energy and mean square root of radius with time evolution is, which is because the mean field effect becomes stronger as system size increases. 
Coulomb Barrier
Coulomb barrier is a very important quantity in describing fusion reactions. It's height and width are two sensitive parameters in WKB calculations of fusion cross sections. The
Coulomb barrier can be calculated microscopically using the following expression in QMD,
where ρ 1 , ρ 2 are the density distribution of projectile and target nuclei, respectively, r 1c , r 2c are their centers of mass, respectively. r = |r 1c − r 2c | is the distance of projectile and target nuclei. In QMD both static and dynamic Coulomb barrier can be calculated. For calculating the static Coulomb barrier of fusion reaction, the static density distributions of both projectile and target are taken. In the present work, we first let the initial projectile and target nuclei evolve individually under their self-consistent mean field for about 300fm/c.
Then, we take the density distribution at this time as the static density distribution to calculate static Coulomb barrier. The dynamical Coulomb barrier is the barrier experienced during the fusion process and is calculated based on the instantaneous density distribution of the system in the real reaction process. curve denotes the result of our improved QMD model, the crossed curve denotes the result of proximity potential [16] . One can see that two results by using two quite different models agree with each other remarkably well except for the case when two nuclei overlapping happens. The reason for this deviation is that the proximity potential is only applicable to the case when two nuclei do not overlap and so as soon as the projectile and target overlap it may not be able to give accurate result any more. While QMD model is a microscopic model and can be applicable to both cases without and with overlapping of two nuclei. In order to study the effect of the system size dependence of wave packet width on Coulomb barrier, in Fig.7 we show the static Coulomb barrier for 40 Ca+ 90 Zr system calculated by fixed wave packet widths and the system size dependent wave packet width. The dashed curve denotes the calculated results with fixed wave packet width σ r = 1.3f m [6] and the solid curve denotes the results with system size dependent wave packet width given by expression (18) . For σ r = 1.3f m case, the Coulomb barrier calculated by QMD is lower than that of the case with size dependent wave packet width. In this figure, we find that the wave packet width of nucleon affects the density distribution of the system and thus affects the Coulomb barrier considerably. Fig.6 and Fig.7 show us that it is important to introduce the system size dependent wave packet width for describing Coulomb barrier correctly. 
Fusion Reaction
After performing the procedure of preparation of initial nuclei as mentioned in the previous section, from thousands of pre-prepared systems, we elaborately select 10 projectile nuclei and 10 target nuclei. By rotating these prepared projectile and target nuclei around their centers of mass by an Euler angle chosen randomly, we create 100 bombarding events for each reaction energy E and impact parameter b. Through counting the number of fusion events, we obtain the probability of fusion reaction g f us (E, b), then the cross section is calculated by using the expression:
The distance from projectile to target at initial time is taken to be l = 20f m.
The definition of fusion in QMD model is still a difficult problem which needs to consider carefully. In TDHF calculations, the fusion event is defined rather operationally as the event in which the coalesced one-body density survives through one or more rotations of composite system or through several oscillations of its radius. In this work we also use the same definition of fusion event with that in TDHF calculations. In addition, considering the specific feature of QMD calculations, if the event in which one or several nucleons escape prior to the formation of compound nucleus is still belong to fusion event [10] . Here, for an event if the number of nucleons escaped during the process of forming compound nuclei is equal or less than 6, we consider the event as fusion event.
Fig .8 [18] ) are needed in our calculations. It implies that our improved QMD model is quite successful in describing the fusion reaction near barrier for both nuclei at β stable line and neutron-rich nuclei. In order to investigate the effect of neutron-rich projectile on fusion probability in Fig.9 we show the fusion cross sections of 48 Ca+ 90 Zr. One can see a even stronger enhancement of fusion cross sections in this case. The potential well of compound nuclei can be calculated by the following expression:
where ρ com. (r) is the density distribution of the compound nuclei formed in the fusion reaction, and V (r − r ′ ) is effective nucleon-nucleon interaction. Table. 3). In order to understand the reason of forming the different mean potential well for these three different reactions. We show the neutron and proton density distributions of compound nuclei for three cases in or forming a favorable potential well of compound system in fusion process or both. However, as soon as two nuclei approach with each other their shape could be deformed and after contact a neck will be developed. The fusion cross section can be affected largely by this dynamical process. What is the role played by excess neutrons in neutron-rich projectile and target on this dynamical process? How do protons and neutrons transfer during fusion process? All these problems are very important for understanding the mechanism of fusion reactions. They will be studied in our future work.
CONCLUSION
In this work, we have proposed an improved QMD model. Our improvements mainly include: taking into account the effects of surface term; introducing system size dependent wave packet width; and adopting phase space constraint off i ≤ 1. By using this model, the ground state properties including binding energy, mean square root of radius, density distribution, momentum distribution and phase space distribution and so on from 6 Li to 208 Pb can be described very well with one set of parameters. Simultaneously the Coulomb barrier can be described well. By applying our improved QMD model, the experimental data of the fusion cross sections for 40 Ca+ 90,96 Zr can be reproduced remarkably well without introducing any new parameters. In addition, the fusion reaction at energy near barrier for 48 Ca+ 90 Zr is studied. We find that there is an enhancement of fusion cross sections for reactions with neutron-rich target or projectile. The mechanism for the enhancement of fusion cross sections in these reactions is the lowering of the dynamic Coulomb barrier or forming the favorable potential well of compound system in fusion process or both. Nevertheless, the problems concerning the neck dynamics and the mass transformation are not the task of this paper. The work about these aspects is on progress. Zr. The experimental data are taken from [17] . The solid curves denote the results of QMD model and the crossed curves denote the experimental data. Fig.9 The fusion cross section for 48 Ca+ 90 Zr. 
